Background
A major issue in shotgun proteomics is the small peptide coverage when analyzing complex protein samples. Identifying more peptides, e.g. non-tryptic peptides, may increase the peptide coverage and improve the protein identification and/or quantification that are based on the peptide identification results. Searching for all potential non-tryptic peptides is, however, time consuming for shotgun proteomics data from complex samples, and is computationally infeasible for a routine data analysis.
Results
We propose to predict the truncatability of a tryptic peptide, i.e. the probability of the peptide to be identified in its truncated form, and build a first predictor to estimate a peptide's truncatability from its sequence. We show that our predictions achieve high accuracy (71%-80%) and can be used to filter the sequence database for identifying truncated peptides. After filtration, only a limited number (typically 25%) of tryptic peptides with the highest truncatability are retained for non-tryptic peptide searching. By applying our filtering method, we show that a significant number of non-tryptic peptides can be identified within a comparable searching time to that of tryptic peptide identification.
Conclusions
We have used trypsin-digested proteins from two synthetic mixtures and a biological sample to demonstrate that peptides degrade in solution to form truncated peptides and that the truncated tryptic peptides have distinguishable sequence characteristics that can be learned by a neural network machine learning approach. Knowledge of these characteristics enables the prediction of peptide truncatability which can filter out a large fraction of tryptic peptides before performing a time consuming exhaustive no-enzyme search for non-tryptic peptides. The prediction of truncatable peptides is also useful the study of the proteolysis mechanisms using shotgun proteomics. It can be used to differentiate chemically truncated peptides (and their truncation sites) from the biological truncation existing inside the cell.
Non-tryptic peptides are commonly observed in shotgun proteomics

Prediction of truncatable peptides
Amino acid preference at the truncation sites We utilized three datasets of MS/MS spectra acquired in different proteomics labs. Data sets A and B were acquired from synthetic protein mixtures, and data set C was acquired from a real Drosophila proteome sample.
Data set A. Data set A contained 12 model proteins mixed at equimolar quantities. The sample was reduced with dithiothreitol (DTT), alkylated with iodoacetamide (IAM), and digested with trypsin at 37°C for 18 hours. After acidifying the sample, peptides were loaded onto a 15 mm by 100 micron i.d. trapping column packed with 5-micron BioBasic 18 particles with 300 angstrom pores (Thermo Hypersil-Keystone, San Jose, CA). Peptides were separated using a 30-minute reversed-phase LC gradient from 3% to 40% acetonitrile at 250 nL/min (Eksigent Technologies, Livermore, CA) on a 15-cm, 75-micron i.d. capillary column pulled to a small (~10 micron) tip and packed in-house with 5 micron C-18 coated particles (Betasil C18, Thermo Hypersil-Keystone, San Jose, CA). As peptides eluted from the column, they were electrosprayed into the source of a Thermo Electron (San Jose, CA) LTQ linear ion trap mass spectrometer and analyzed by mass spectrometry and tandem mass spectrometry.
Data set B. Data set B contained 18 proteins mixed at similar concentrations and was digested with trypsin after treatment similar to that for A above. The samples were loaded onto the trap column with a 3 µL/min flow rate after the split, and then the reversed-phase gradient was from 2 to 40% mobile phase B in 90 min at 150 µL/min flow rate before the split and 2 µL/min after the split. A linear ion trap / Orbitrap (LTQ-Orbitrap) hybrid mass spectrometer (ThermoFinnigan, San Jose, CA, USA) equipped with an ESI microspray source was used to for MS/MS experiment with ion transfer capillary of 275 °C and ESI voltage of 3.2 kV. Normalized collision energy was 35.0.
Data set C. Data set C was generated using a complex proteome sample from Drosophila melanogaster. Drosophila genotype: elav-GAL4 (Stock number: Bloomington/458) flies were harvested and separated according to sex at day 1 of adult life. Flies were cultured on standard cornmeal medium and maintained at 25°C. Flies were anesthetized with CO 2 , flash frozen and decapitated with shaking in liquid N 2 . Heads were collected on dry ice and stored at −80°C. Proteins were extracted using a mortar and pestle in 0.2 M phosphate buffer saline plus 8 M urea plus 0.1 mM phenylmethylsulfonyl fluoride (pH 7.0) solution. Proteins were centrifuged (15700 g at 4°C) for 10 minutes and the supernatant was kept for the determination of protein concentration using Bradford assay. Extracted proteins were reduced with DTT, alkylated with IAM, and digested with TPCK-treated trypsin after diluting the urea to 2 M with 0.2 M Tris buffer (pH 8.0). Tryptic peptides were isolated by C-18 solid-phase extraction, vacuumed to dryness, and stored at −80°C until future use. Peptides were separated by nanoflow reversed-phase liquid chromatography (15 cm × 75 µm i.d. fused silica capillary column pulled to a fine tip and packed with 5µm, 100 Å aminoterminated C18 packing material (Michrom Bioresources, Auburn, CA), eluted with a gradient from 5 to 45% acetonitrile at 250 nL/min).
Data analysis. Tandem mass spectra were searched against protein sequences for the 12 or 18 known proteins (data sets A & B) or all proteins from D. melanogaster (data set C) using Mascot for peptide identification. Searches were performed with fixed modification of carbamidomethyl cysteine and variable modifications of protein N-terminal acetylation and methionine oxidation selected and a maximum of one missed trypsin cleavage site. No-enzyme searches of the same data sets were performed using the same modification settings.
A real example
In two sets (A and B, see Experimental Methods section) of MS/MS spectra acquired from two different synthetic mixtures of standard proteins using two different MS/MS instruments (linear ion-trap vs. LTQ-Orbitrap) in two independent proteomics labs, we observed among many of the MS/MS spectra that remain unassigned in a routine tryptic peptide search would be identified if the search were performed to include non-tryptic peptides. Since these samples are made by mixing standard proteins, we hypothesize that these truncated peptides are formed due to chemical phenomena in the experimental procedures, and are not necessarily biological.
Truncatability: the probability that a tryptic peptide is observed in any truncated form in a standard proteomics experiment (e.g. the most popular LC/MS platform). Truncatability of a tryptic peptide as an intrinsic property of a peptide independent of the other experimental conditions, and hence hypothesize that it can be predicted solely from the peptide sequence. We are particularly interested in the extremely truncated peptides, i.e. the tryptic peptides that are not observed as fully tryptic peptides, but only in their truncated form(s). These peptides contribute the most to the improvement of the peptide coverage when analyzing shotgun proteomics data.
Amino acid preferences at the truncation sites (top: N-terminal side; bottom: C-terminal side) in three data sets: black-A, dark-B, light-C. Each bar is calculated as (f t (a) -f(a)) / (f t (a) + f(a)), where f t (a) is the relative frequency of amino acid a at N-or C-terminal side of all truncated sites and f(a) is the relative frequency of amino acid a in all truncated peptides On the N-terminal side, there is a significant enrichment of aromatic (F, W, Y) and basic residues (K, R, H), and a significant depletion of acidic (D, E) and hydrophobic residues (G, P, V, I). There is a much larger variability on the C-terminal side of the truncation site. Data representation. Each tryptic peptide was encoded into a vector form based on its amino acid content and various physicochemical and predicted properties derived from amino acid sequence of the peptide itself and the neighboring peptides within the parent protein. All predicted properties were encoded as averages within the peptide itself as well as ±5, ±10, and ±15 residues away from the Nand C-terminal residues. The total number of features was 175.
Prediction
Model training. An ensemble of 30 neuralnetworks was trained with the final output being an average of individual members. Before network training, we performed feature selection based on the t-test with thresholds from {1, 0.1, 0.01}. After zscore normalization, we performed the principal component analysis leaving 95% of the variance in the sample. Each neural network contained 1, 2 or 4 hidden neurons and was trained using the resilient propagation algorithm with maximum of 500 iterations. To prevent overfitting, all parameters were selected on the validation data and only the final accuracies after the automated parameter selection were reported.
Model evaluation. The accuracy of the model was estimated using out-of-sample testing where all proteins from one dataset were used for training and proteins from the other dataset were used for testing. In both cases, we measured the balancedsample accuracy (accuracy), i.e. an average between true positive and true negative rates, and the area under the ROC curve (AUC).
Predicted truncatabilities
Neg -non-identified peptides; Trp -peptides identified as tryptic only; Tru -peptides identified as both tryptic and truncated; XTru -extremely truncated peptides. We used a truncatability predictor trained from datasets A and B to prioritize the search for the non-tryptic peptides and evaluated the trade-offs between the number of searched peptides and the number of peptides identified in their truncated forms only. We refer to these non-tryptic-only peptides as the gained peptides. Here we plot the number of gained peptides as a function of the number of searched tryptic peptides which can give rise to non-tryptic peptides in data set C. Two modes of prioritization were performed: (i) peptide truncatability-based, plotted by a solid curve, and (ii) peptide detectability 1 -based, plotted by a dashed curve. These two modes are compared to the hypothetical case when the peptides are selected randomly (dotted line).
Using truncatability in proteomics searches
We also evaluated the influence of identified non-tryptic peptides on the sequence coverage. Here we show the distribution of the identified proteins for a given number of peptide hits when top 25% of the most truncatable peptides were used to identify non-tryptic peptides. It can be observed that the number of proteins in data set C containing two peptides or more increased from 105 to 116, i.e. 10%. At the same time, there was an increased coverage of proteins identified by more than two peptides as well. Alternatively, in the original trypsin identification, the number of proteins identified by a single peptide dropped from 71 to 61, a 14% decrease. At the same time, 17 new proteins were identified by non-tryptic peptides only.
